Al-Li-SiC p composites were fabricated by a modified version of the conventional stir casting technique. Composites containing 8, 12 and 18 vol% SiC particles (40 mm) were fabricated. Hardness, tensile and compressive strengths of the unreinforced alloy and composites were determined. Ageing kinetics and effect of ageing on properties were also investigated. Additions of SiC particles increase the hardness, 0.2% proof stress, ultimate tensile strength and elastic modulus of Al-Li-8%SiC and Al-Li-12%SiC composites. In case of the composite reinforced with 18% SiC particles, although the elastic modulus increases the 0.2% proof stress and compressive strength were only marginally higher than the unreinforced alloy and lower than those of Al-Li-8%SiC and Al-Li-12%SiC composites. Clustering of SiC particles appears to be responsible for reduced the strength of Al-Li-18%SiC composite. The fracture surface of unreinforced 8090 Al-Li alloy (8090Al) shows a dimpled structure, indicating ductile mode of failure. Fracture in composites occurs by a mixed mode, giving rise to a bimodal distribution of dimples in the fracture surface. Cleavage of SiC particles was also observed in the fracture surface of composites. Composites show higher peak hardness and lower peak ageing time compared with unreinforced 8090Al alloy. Macroand microhardness increase significantly after peak ageing. Ageing also results in considerable improvement in strength of the unreinforced 8090Al alloy and its composites. This is attributed to formation of d 0 (Al 3 Li) and S 0 (Al 2 CuMg) precipitates during ageing. Per cent elongation, however, decreases due to age hardening. Al-Li-12%SiC, which shows marginally lower UTS and compressive strength than the Al-Li-8%SiC composite in extruded condition, exhibits higher strength than Al-Li-8%SiC in peak-aged condition. r
Introduction
In the recent years, usage of ceramic particle-reinforced metal matrix composites (MMCs) is steadily increasing. Aluminium matrix composites (AMCs) have gained wide acceptance in the past three decades due to their high specific strength and stiffness and superior wear resistance [1] [2] [3] [4] . A number of processing routes has been developed for the manufacture of particle/whisker/short fibre-reinforced composites. Although these methods are capable of generating material of high microstructural quality, their widespread use is limited due to high costs associated with many of these methods. Melt stirring or the stir casting technique is currently one of the simplest and most economical fabrication routes employed to manufacture particle-reinforced composites. However, a large number of process variables must be controlled in the melt stirring technique to achieve a high degree of microstructural integrity. Use of non-optimal parameters could lead to low-density and low-quality microstructures and this will in turn lead to poor mechanical properties.
The constant need for higher fuel efficiency in aerospace and automobile industries has led to the development of low-density Al-Li alloys. Additions of 1% Li can reduce the density by about 3%, with concomitant increase in strength and stiffness [5] . It is quite logical to think of reinforcing Al-Li alloys with ceramic particles in order to achieve further increase in strength and stiffness. Although some studies have been done on Al-Li alloy-based composites in recent years [6] [7] [8] [9] , Al-Li alloy-based composites have received relatively limited attention. This may be due to the hazards associated with Li handling during alloying. A carefully maintained atmosphere or vacuum is needed to prevent loss of Li and the associated fire hazard/burning at the processing temperature, and all these lead to high processing/material costs. In this study, a simple and cost-effective experimental set-up has been used by modifying the conventional stir casting technique for the fabrication of Al-Li-SiC p composites. Further, mechanical properties of SiC particle-dispersed Al-Li-SiC p composites and their age-hardening kinetics have also been studied.
Experimental procedure

Material selection and composite preparation
The aluminium alloy used as matrix material in the present study is an 8090 Al-Li alloy (8090Al) whose elemental composition is given in Table 1 . SiC particles used as reinforcement had an average size of 40 mm. The experimental set-up used for fabricating the composites is a simple modification of the conventional melt stirring technique, which has been described in detail by Surappa and Rohatgi [10] in the early years. A schematic diagram of the casting set-up used in the present study is shown in Fig.  1 . The modification comes in the form of a steel hood, which has been used as a gas cover to make an inert atmosphere in order to prevent loss of lithium. In previous studies, stirring of the melt had been done either in open air [10, 11] or using a furnace with a provision for creating an inert environment [12] . This kind of environment furnace restricts direct view of the melt during melting and stirring. The simple improvisation used in this study excludes the need of using such furnaces and prevents loss of Li at the same time. The steel hood (gas cover) can be lifted or tilted to have a view of the melt. This also allows measurement of temperature of the melt conveniently by dipping a thermocouple as and when required. The steel hood can also be tilted and held at one side (on the other side an argon-carrying pipe is held as described below) to provide additional inert gas cover during stirring. The matrix alloy was melted in a stainless-steel crucible in a resistanceheated furnace. The furnace was covered with the steel hood (gas cover) and argon gas was passed through it to prevent loss of Li and any fire hazard ( Fig. 1(a) ). The gas cover was removed just prior to addition of SiC particles. Preheated SiC particles were added through the periphery of the vortex, which was created by stirring the melt with a mechanical impeller. As shown in Fig. 1(b) a protective atmosphere was maintained during stirring by holding an argon-carrying pipe over the melt. After the additions and thorough mixing, the melt was poured into cylindrical cast iron moulds. Composites containing 8, 12 and 18 vol% SiC particles were fabricated successfully. The cast ingots were hot extruded at 540 1C in a CBJ 250 tonne extrusion press with an extrusion ratio of 30:1. Al-Li-8%SiC, Al-Li-12%-SiC and Al-Li-18%SiC composites fabricated and used in this study are designated as MMC 8, MMC 12 and MMC 18, respectively, and this will be followed hereafter. Specimens for microstructural characterization and mechanical testing (hardness, tensile and compressive) were made from the extruded rod.
Microstructural characterization
The morphology of the SiC particles was examined by a scanning electron microscope (SEM). Sliced samples of unreinforced alloy and composites were first polished with emery paper up to 1200 grit size, followed by polishing with SiC suspension on a velvet cloth. Finally the samples were polished with 0.5 mm diamond paste. Microstructural characterization of the polished samples was done by SEM and optical microscopy. The grain morphology of the unreinforced alloy, distribution and volume fraction of SiC particles in the composites were determined by a standard metallographic technique. The grain size was determined using Sigma scanpro image analyser. The volume fraction of SiC was also determined by the chemical dissolution method. Samples from different portion of the extruded rod were cut and weighed in an electronic balance with an accuracy of 0.1 mg. The samples were then dissolved in dilute HCl and the solution was filtered to separate the SiC particles. The residue (SiC) was then dried by heating to a temperature of 70 1C for 45 min and the weight of the dried residue was taken. The volume fraction is calculated from the relation
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where V p is the volume fraction of particles, m p and m m are the mass of reinforcement and matrix, respectively, and r p and r m are the densities of the reinforcement and the matrix alloy, respectively. The density was determined by standard Archimedes' principle. The percent porosity was calculated from the difference between theoretical and measured densities.
Mechanical properties
Micro-and macrohardness measurements
Vickers microhardness of the unreinforced alloy and composites was measured using a Dynamic Ultra Micro Hardness tester (DUH-202) at a load of 25 g in the as-cast, extruded and peak-aged conditions. Microhardness measurements were made on the matrix away from SiC particles. Brinell macrohardness was measured using an Indentec Hardness Tester. A load of 62.5 kg was used for Brinell hardness measurements.
Tensile and compressive tests
Room-temperature tensile properties were measured using standard ASTM tensile test specimens. Tests were carried out using an Instron 8501 servo hydraulic machine at a strain rate of 10 À3 s À1 . The fracture surface was observed under SEM. For compressive tests, cylindrical specimens with a diameter of 8 mm and a height of 12 mm were used. Some concentric grooves were made at both faces of the specimen to retain the lubricant. Geometries of tensile and compressive specimens are shown in Figs. 2(a) and (b), respectively. Compressive tests were carried out using a Dartec machine at room temperature with a constant strain rate of 10 À3 s À1 . The elastic modulus of the alloy and its composites were determined by the sonic resonance method using an Elasto sonic instrument. Tensile and compressive tests were also done at peak-aged condition to assess the effect of heat treatment on mechanical properties.
Age hardening
Samples were heated to 530 1C in a vertical tube furnace for 1 h and then quenched in water kept at room temperature. The quenched samples were immediately transferred to an oil bath and heated to a temperature of 165 1C for ageing. Microhardness measurements were done at an interval of 1 h to determine the peak hardness and time to peak ageing. A DUH-202 microhardness tester was used to measure microhardness. A minimum of five hardness measurements were made on each sample.
Results and discussion
Microstructure
The SEM micrograph in Fig. 3 shows that SiC particles are irregular in shape. Optical micrographs in Figs. 4 and 5 show the grain morphology of unreinforced alloy and MMC 8, respectively, in as-cast conditions. Composites exhibit finer grain size compared with the unreinforced alloy. In particle-reinforced MMCs, particles refine the matrix grain size since dispersed particles act as nucleation sites. The average grain size of composites MMC 8, MMC 12 and MMC 18 is 36, 27 and 25 mm, respectively, and that of the unreinforced alloy is 48 mm. It can also be noted that as the SiC content increases, the grain size decreases. 12 and MMC 18, show some clustering of the particles. The extent of clustering is higher in MMC 18. Fig. 7 shows a cluster of particles lying in the extrusion direction in the elongated form in this composite. The interfacial bonding between SiC particles and matrix was also observed under ARTICLE IN PRESS SEM. The bonding is good and there is no sign of any interfacial reaction. The SEM micrograph in Fig. 8 shows the particle-matrix interface in the MMC 8 composite. However, some cracking at the interface was found at some local regions in MMC 18 (Fig. 9 ). This is due to the high thermal stresses generated at the interface during cooling as a result of the large difference in coefficient of thermal expansion between the matrix and the particles. Although similar thermal mismatch exists in MMC 8 and MMC 12, this kind of interfacial disintegration was not observed in these composites. This can be attributed to the higher volume fraction of SiC in MMC 18. The higher volume fraction of particles is expected to generate greater thermal stresses. Moreover, as described above, MMC 18 contains some cluster of SiC particles. These clusters can generate high thermal stresses and lead to cracking at the interface (site B in Fig. 9 ). Table 2 shows the results of density and porosity measurements. Although almost 100% densification is achieved in the alloy and MMC 8 composite, some amount of porosity is present in MMC 12 and MMC 18 composites in the extruded condition. This porosity is mainly due to dissolved gases (H 2 ). Higher the amount of SiC p reinforcement, higher the amount of gas porosity. Tables 3 and 4 show macro-and microhardness, respectively, of the unreinforced alloy and composites in the as-cast and extruded conditions. Composite MMC 8 shows higher macrohardness than the unreinforced alloy in both as-cast and extruded conditions. On the other hand, composites MMC 12 and MMC 18 show lower hardness than the alloy in the as-cast condition. This is due to higher amount of porosity present in these two composites in the as-cast condition (Table 2 ). However, after extrusion the pores are closed and as a result these two composites ARTICLE IN PRESS exhibit higher hardness than the unreinforced alloy in the extruded condition. The microhardness of all the composites studied are higher than the unreinforced alloy in both as-cast and extruded conditions. The matrix of composites contains higher dislocation density due to mismatch in thermal expansion coefficient between the matrix and the reinforcement. This leads to higher hardness in the composites. As discussed above, the presence of SiC particles refines the grain size. Finer grain size in composites also leads to higher hardness. Table 5 shows the tensile properties of 8090Al alloy and its composites. It can be seen from Table 5 that the composites containing up to 12 vol% SiC exhibit higher 0.2% proof stress and ultimate tensile strength (UTS) compared with the unreinforced alloy. However, it can be observed that increase in 0.2% proof stress in MMC 18 is very marginal. Further, 0.2% proof stress and UTS of MMC 18 composite is lower than those of MMC 8 and MMC 12 and its UTS is lower than that of unreinforced alloy in the extruded condition. MMC 12 exhibits a significant increase in 0.2% proof stress and UTS over that of the unreinforced alloy but shows marginally lower UTS than MMC 8. Table 6 shows the compressive properties of the 8090Al alloy and its composites. Although 0.2% proof stress and compressive strength of MMC 18 are marginally higher than the unreinforced alloy, these are lower compared with MMC 8 and MMC 12.
Density and porosity
Mechanical properties 3.3.1. Micro-and macrohardness
Tensile and compressive properties
MMC 8 shows highest strength in the as-extruded condition. This can be explained in the light of integrity of microstructure vis-a-vis particle clustering and porosity. The interface between the reinforcement and matrix plays a determining role on mechanical properties of composites [13, 14] . Main strengthening in composites comes from effective transfer of load from the matrix to the particle via the interface [15] [16] [17] . Therefore, in order to realize the strengthening effect of the reinforcement, the interfacial bonding between the particle and matrix must be strong. As described earlier, in the MMC 18 composite some cracks were found in some local regions at the interface between the matrix and particle due to the high thermal stresses generated at the interface during cooling as a result of the large difference in coefficient of thermal expansion between the matrix and the particles. This may lead to decohesion of particles at the particle-matrix interface and early failure. Also, defects, which include SiC p clusters and associated pores, contribute to observed weakening in this composite. As can be seen from Table 2 some porosity is still present even after extrusion and particles are found in association with pores (Fig. 10) . These particles are not well bonded to the matrix and do not contribute to the strengthening of the composite. These loosely held particles are easily debonded during the loading process and lead to early fracture of the composite. Further, as discussed above, the MMC 18 composite exhibits a heterogeneous microstructure, with bands of SiC particle clusters lying along the extrusion direction (Fig. 7) . These clusters are also the potential sites for damage accumulation. Previous studies have shown that deformation begins in regions containing clusters of particles [18, 19] . As clusters are stiffer, after satisfying deformation compatibility, the stress would be distributed in such a way that the clusters would bear more load than the rest of the matrix. Secondly, since the local volume fraction is higher within the clusters, for the same amount of deformation the clusters must activate more slip systems in the matrix to accommodate the same amount of deformation [18] . This leads to fracture of clusters at an early stage. MMC 18 contains about 3% clusters. Thus, the clustering in MMC 18 also leads to decreases in ultimate tensile and compressive strengths. MMC 8 on the other hand exhibits a fairly uniform distribution of SiC particles, and the integrity of interfacial bonding between particles and matrix is also very good. Hence, MMC 8 exhibits superior properties. Although MMC 12 exhibits substantial improvement in strength over that of the unreinforced alloy, it has lower ultimate strength compared with MMC 8. This could also be due to the small amount of SiC p clusters present in this composite. Table 7 shows the modulus values of the unreinforced alloy and the composites measured by the sonic resonance method. Composites show higher elastic modulus compared with the unreinforced alloy. SEM micrograph of fracture surface of the unreinforced alloy (Fig. 11) shows a network of dimples indicating ductile fracture mode. Fracture in MMCs occurs by mixed mode, giving rise to a bimodal distribution of dimples in the fracture surface, which is shown in Fig. 12 for MMC 8. Larger dimples are associated with SiC particles, whereas smaller dimples are associated with ductile failure of the matrix. Cleavage of SiC particles is also observed. The higher magnification SEM fractograph in Fig. 13 shows such a cleaved particle in the MMC 8 composite. It can be observed from this micrograph that there is no decohesion between the particle and the matrix, suggesting a strong interfacial bonding between particle and matrix in this composite. On the other hand, the SEM micrograph of fracture surface of the MMC 18 composite (Fig. 14) shows particle debonding. This kind of decohesion of particles from the matrix under tensile loading appears to be responsible for the degradation of mechanical properties in the MMC 18 composite. [20] . Composites contain higher dislocation density near the particle-matrix interface due to the large difference in thermal expansion coefficient between the matrix and reinforcement. Therefore, a large number of precipitates is present in composites, giving rise to higher peak hardness and shorter peak ageing time.
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Ageing behaviour
Effect of ageing on mechanical properties
Both macro-and microhardness increase significantly after peak ageing (Tables 3 and 4) . Tables 5 and 6 also show the tensile and compressive properties in peak-aged condition. It can be seen that there is a considerable improvement in strength of the alloy and composites after peak ageing, due to the formation of hardening precipitates. As discussed above in the previous section, the matrix alloy contains Li, Cu and Mg, which form d 0 (Al 3 Li) and S 0 (Al 2 CuMg) precipitates during ageing. These precipitates give rise to hardening and increase the strength and hardness. Per cent elongation, however, reduces due to ageing. It can also be observed from Tables 5 and 6 that MMC 12 shows higher ultimate tensile and compressive strength than MMC 8 in peak-aged condition. The strengthening effect of precipitation seems to outweigh the detrimental effect of SiC p clusters.
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Conclusions
Al-Li-SiC p composites are fabricated by a simple and cost-effective stir casting technique. Composites show higher 0.2% proof stress and higher modulus compared with the unreinforced alloy. Al-Li-8%SiC composite exhibits superior mechanical properties compared with the unreinforced alloy and the other two composites (Al-Li-12%SiC and Al-Li-18%SiC). This is due to homogeneous distribution of particles and good interfacial bonding in Al-Li-8%SiC composite. However, AlLi-12%SiC composite shows higher ultimate tensile and compressive strength compared with Al-Li-8%SiC in peak-aged condition. All the composites exhibit higher peak hardness and accelerated ageing compared with the unreinforced alloy.
